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Applications of Shearing and Kosters Prisms to
the Aligmment of Optical Telescopes

Laurence W. Fredrick and Paul H, Knappenberger, Jr.

INTRODUCTION

The purpose of this grant was to examine in detall the application
of the wave shearing and Kosters interferometers to detecting misalign-
ment in telescope systems. The small size and light welght of these
prism interferometers makes them ldeally suited for use in orbiting
telescopes and could replace costly lasar techniques for collimation.
The results of extensive investigations with the WSI and Kosters prisms
""" at McCormick Cbservatory have led to the following general conclusions:
the Kosters prism is extremely sensitive to non-symmetry of wave fomm,
hence ideally suited for detecting decollimation in optical systems; to
evaluate the type and amount of misalignment in the optics with the
Kosters prism, requires recognition of a deformed fringe pattern; re-
sults of tests have shown that atmospheric turbulence causes the fringe

pattern to continually charge shape to the extent that integration over

a period of time to eliminate the seeing effects cannot be used success-
fully. The Kosters prism, therefore, must be limited to testing for
decollimation in the laboratory or above the earth's atmosphere.

The WSI, on the other hand, although not as sensitive as the Kosters

prism to misaligrment, can be used successfully on earth based telescopes,
both visually and photographically, to detect decollimation. A catalog
of interference pattems for various types and amounts of misalignment

in a Cassegrain type reflector has been compiled using three different




shearing interferameters, This report includes the description of the
work which led to the aforementioned conclusions and photographs of the
interfererice ﬁpattems produced by the prism interferameters under vai"ious
test conditions. The WSI alignment catalog is included along with an
outline of the steps necessary to collimate a two-element reflector.

In addition to the above work, the possibiﬁty of using the Kosters
prism as a double star or stellar diameter interfercmeter was investi-

gated. The results are very encouraging.



COLLIMATION OF ASTRONCMICAL TELESCOPES USING THE WSI

A. Introduction

The misalignment of optical elements in astronomical telescopes
can be a serious drawback in almost every area of observatiocnal
astronomy. Aside from the obvious effects of image deterioration
in planefary observations, there are serious consequences which are
realized in the field of stellar spectroscopy (Petrie 1962). Two .
areas 1n which the WSI is particularly suited for application are
in telescope collimation techniques for astrometric reflectors and
earth-orbit telescopes. The problem of aligning the optical ele-
ments of a telescope in orbit about the earth can be solved in a
relatively inexpensive way by using the small, compact and light
weight shearing interferometer in the manner described below.

In a collimated telescope whose optical elements are figures
of revolution, the on-axis wave front will be very symmetrical, and, if
free from spherical aberration, nearly spherical in shape barring the
effects of mounting cell tensions. For an off-axis image point the wave
front will be unsymmetrical, assuming the characteristic comatic shape.
The misalignment of optical elements in reflecting or refracting tele-
scopes produces a wave front similar to that characteristic of the
third-order coma effect.

The WSI permits an analysis of the wave front to be made and de-
partures from symmetry in the wave front affect the interference
fringes in definite ways. For a collimated telescope it is possible
to locate the optical axis accurately, by carrying out detailed reduc-
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tions of the WSI interferogram data, or approximately, by visual in~
spection of the fringe pattern. The limit for visually determining

the location of the optical axis with the WSI depends upon the cbserver's
ability to detect certain departures of the interference fringes from
straightness, parallelism or equal spacing and on the magnitude of the
shear angle. (The greater the shear angle, the more sensitive is the
technique.) Hence, for a given magnitude of shear, there is a limiting
"eircle of uncertainty" such that for an interior image point, departures
of the fringes from ldeal conditions cannot be detected visually, but
only by exact measures.

The following discussion will deal with a two-element Cassegrain
type reflecting system. There are several ways in which misalignment
can be introduced into the optical system. Consider first the second-
ary mirror. It can be tilted sbout some pivot point near the center
of the mirror or it can be displaced laterally. A combination of the
above two effects is also possible. Similarly, the primary mirror
can either be tilted, laterally displaced or can suffer same combination
of the two effects. There arise three distinct cases for misaligrment
in such a system. For reference, the "system axis" will be defined to

be the axis on which the primary and secondary mirror axes must coincide

Secondary Tilt Lateral Displacement
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E for the system to be collimated. An on-axis image will then be an image
on the system axis.

Case I: The primary mirror axis is coincident with the system

axis but the secondary mirror is misaligned. The on-axis wave

front will be unsymmetrical, resembling closely an off-axis wave
front in a collimated system. Nowhere will there be a spherical
wave front produced. It is then possible to bring the secondary
mirror into alignment by examination of the on-axis fringe pattern

as will be demonstrated.

Case IL: The secondary mirror axis is coincident with the system
axis and the primary mirror is misaligned. Once again, an unsymme-
trical wave front 1s produced on the system axis, similar to the off-
axis wave front in a collimated system. A spherical wave front is
not produced anywhere in the image field for this system. The pri-

mary mirror can be brought into alignment by examination of the on-

axis fringe pattern as will be described.

Case ITL: Both the primary and secondary mirrors are misaligned
with respect to the system axis. It is possible to compensate for
primary mirror misalignment by misaligning the secondary mirror in
such a way that a spherical wave front is produced for scme image
field. This image will lie on the misaligned secondary mirror

axis, defining a compensated axis. (See figure 1). Thus, for an
image point within the circle of uncertainty surrounding this com-
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a manner as to produce a gpherical wave front on a
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pensated axis, the system will produce good fringes. When deter-
mining the final collimation in a system where both the primary and
secondary mirrors are misaligned, it 1s necessary to make certain

that first, an on-axis image be utilized (i.e. an image on the sys-

tem axis) and second, that the wave front be analyzed quite pre-
g ® cisely.

If either the primary and secondary mirror aligrment can be checked in-
dependently, cases I and IT are relevant, otherwise, the more general

case III will be applicable.

B. Equipment

An 8-inch Cassegrain type telescope was used to demonstrate how to
collimate a two-element reflector with the WSI. The telescope was modi-
fied (see Knappenberger, Wood, and Fredrick 1966) to allow the secon-
dary and primary mirrors to be tilted by a controlled amount. A colli-
mated beam of light produced by a 16-inch parabolic mirror entered the
8-inch optical system and a shearing interferometer mounted in the eye-

*«”, piece holder produced the interference pattern.

Two different types of shearing interfercmeters were used to deter-
o mine what advantages, if any, one type had over the other. Type I had
no built-in wedge. Hence, the interference fringes remained always per-
pendicular to the direction of shear. Type IT had a built-in wedge and

the fringe rotation was always adjusted so that the fringes were parallel
to the shear direction. Two prisms of type II were used, differing

greatly in the magnitude of the shear angle. Table 1 lists the properties
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of the variocus WSI prisms.

TABLE 1: WSI PRISMS

prism designation magnitude of' shear comment
Ty 0.0026 rad. ~ no wedge
W 0.0019 rad. built-in wedge
L 0.0150 rad. built-in wedge

The following section provides a catalog of interference patterns

produced by the above prisms for various telescope misalignments.

C. Aligrment Catalog

The effects on the WSI fringe patterns produced by misalignments in
a Cassegrain telescope are presented in catalog form. Using this cata-
log, it is possible to align the optical elements in a Cassegrain system
by a visual inspection of the WSI interferograms. The sensitivity of
the method depends upon the magnitude of the shear angle, which in prac-
tice is limited by the atmospheric seeing conditions.

The direction of shear for all the interferograms presented in this
catalog is in the horizontal direction from left to right. This is the
fundamental axis from which the direction of tilt of the mirror elements
is determined. In plates I, II, and IIT the secondary mirror is tilted
in a direction perpendicular to the shear direction (i.e. about an axis
parallel to the shear direction). In plates IV, V, and VI the secondary
mirror is tilted in a direction parallel to the direction of shear (i.e.

about an axis perpendicular to the shear direction). In plate VII, the
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secondary mirror is tilted in a direction 45° to the shear direction.

The sign convention for the sense of tilt is as follows.
Plates I, II, IIT: If the upper edge of the secondary mirror is
tilted away from the primary mirror, the tilt is in a positive
direction; if tilted towards the primary mirror, the tilt is

negative,

Plates IV, V, VI: If the right edge of the secondary mirror is
tilted away from the primary mirror, the tilt is in a positive
direction; if tilted towards the primary mirror, the tilt is
negative.

Plate VII: If the lower right edge of the secondary mirror is
tilted away from the primary mirror, the tilt is in a positive
direction; if tilted towards the primary mirror, the tilt is
negative.

The magnitude of the tilt is expressed in minutes of arc and is the
angle formed at the secondary mirror between the optical axes of the
primary and secondary mirrors. A description of each plate in the
aligrment catalog will now be given.

Plate I: Prism 40 was used and the secondary mirror was tilted in a

direction perpendicular to the shear direction. The magnitude
and sense of tilt are listed under each interferogram. The colli-

mated system is shown by the interferogram labeled 0' and the se-

condary mirror is tilted in increasing amounts by small steps in the
other interferograms. 1In the upper two rows the fringes are closer
together at the top of the pattern and spread outward towards the

bottam. The optical axis of the secondary mirror would intersect
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the primary mirror above the geametrical center, which corresponds
to the direction in which the fringes appear to converge. The low-
er two rows show fringes which diverge upwards from the bottom of

the pattern. For these interferograms, the secondary mirror axis

intersects the primary mirror below the gecmetrical center by in-
creasing amounts as the tilt is increased. For a trained observer,
the departure of the fringes from parallelism can be detected by
the unalded eye for tilts as small as 9 minutes of arc.

Plate I1: Prism W was used and the secondary mirror was tilted in a
direction perpendicular to the shear direction. The magnitude and
sense of tilt are listed under each interferogram. Once again, the
collimated system is labeled O and all other interferograms result
from a tilted secondary mirror. The sequence of interferograms is
identical to that in plate I and the two plates can be compared

directly. In the upper rows of plate II the fringes converge to-

wards the right and the secondary mirror axis intersects the pri-
mary mirror above the center. In the lower two rows, the fringes

converge towards the left and the intersection point is below the

center. The shear angle 1s smaller for prism W than for prism L0,
50 departures frcm parallelism are more difficult to detect at 9
minutes of arc in plate II than in plate I.

Plate ITI: Prism L was used which has the largest shear angle, and a-

gain the secondary mirror was tilted perpendicular to the shear di-
rection. The two sheared images of the wave front are more appar-
ent in these interferograms than in plates I and II. The wide ver-

tical black line in all the interferograms is due to the support forthe
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f ] - light source. The fringes behave in the same manner as in plate II
except that the effect is more pronounced. An experienced observer
can detect misaligrment at a tilt angle of only 4.5 minutes of arc
using the unaided eye. If the seeing conditions permit use of such

a large angle of shear, optical aligmment can be done accurately

o and quickly using the WSI with the unaided eye.

Plate IV: Prism 40 was used, but this time the secondary mirror was
tilted in a direction parallel to the shear. As can be noticed in
the near-collimated position indicated by zero, there is a residual
tilt in the secondary mirror perpendicular to the shear direction.
Camparing interferogram zero on this plate with the fringe patterns
in plate I, it can be seen that the secondary mirror axis is tilted
about -9' to the primary mirror axis. This small residual tilt -
could not easily be removed using the adjustments available on the
secondary mlrror, so it remains throughout all the interferograms

- in plate IV. The effect of tilting the secondary mirror parallel

| to the shear direction shows up as a curvature and departure from

equal spacing in the fringe pattern. In the upper rows the inter-

section of the secondary mirror axis is to the right of the geometri-
| cal center of the primary mirror. Here the fringes are closer to-
gether than on the left side. The reverse is true for the interfer-

ograms in the lower rows. For prism 40 or any prism of type I, it

can be concluded that the fringes are closest together in the direc-
o~ tion from the geametrical center of the primary in which the inter—

section of the secondary mirror axis falls.
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Plate V: Prism W was used and the secondary mirror is tilted parallel
to the shear direction. Here again, interferogram 0 which repre-

sents near-collimation, reveals a residual secondary mirror tilt of

-9 minutes of arc perpendicular to the shear direction. Tilting

the secondary mirror parallel to the shear direction causes the

T fringes to curve downward when the intersection point is to the

| right of center and upward when to the left of center. A less
obvious effect is the érowding of the fringes at the top of the
fringe pattern when the interseection of the secondary mirror axis
is to the rig_ht of the primary's center and a crowding at the bot-
tom of the péttern when the intersection is to the left of center.

Plate VI Prism L was used and the secondary mirror was tilted paral-
-lel to the shear difection. Interferogran 0 shows a residual tilt
of the secondary mifror of -9' perpendicular to the shear direction.
A tilt of only +4.5* parallel to the shear direction can be noticed
in kthe fringe pattern. By the time the secondary mirror has been
tilted 1 , the fringes are already badly deformed. The departures

from eciual spacing of the curvature in the entire pattern can be no-

ticed easily in this series of interferograms.

1
t
i
|

Plate VII: This shows the appearance of the interference fringes when
the secondary mirror is tilted about an axis U45° to the direction
of shear. The fringe pattern in each case is a combination of the

patterns obtained when the shear direction is perpendicular or

parallel to the secondary tilt. In the method of collimation to
be described below, if a pattern such as that in plate VII is ob~

tained, the prism can be rotated until a pattern of pure parallel
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£ilt or pure perpendicular tilt is achieved. (The dark line point-
ing towards the upper left is the lever which is used to tilt ‘the
secondary mirror and in this case is not coincident with a secondarfy

mirror support).

So far, only the secondary mirror has been tilted while the pri-
mary mirror axis remained coincident with the system axis as described
in case I of the first section of this paper. What happens when the
secondary mirror remains fixed and the primary mirror is tilted? Per-
haps not very surprising, the fringes behave in a mammer exactly ana-
lagous to the case in which the secondary mirror was tilted. If the
primary mirror is tilted in a direction perpendicular to the shear di-
rection, and if the top of the primary mirror is tilted away from’ the
secondary mirror, then the interferogrem is similar to those in the upper
rows of plates I, IT, ITI. The lower rows of plates I, II, III are dup-
licated when the top of the primary mirror is tilted towards the secon-
dary mirror. Tilting the primary mirror in a direction parallel to the
shear with the right edge away from the secondary mirror ylelds inter-—
ferograms similar to the upper rows in plates IV, V, and VI and the lower
rows in plates IV, V, and VI are similar to the interferograms produced
when the right side of the primary is tilted towards the secondary mirror.

There is one distinction, however, not in shape of the fringes but
in the amount of distortion. Due to the geametry of the optics in this
8~inch, f/10 Cassegrain telescope with a parabolic 8-inch, f/5 primary
mirror and a 3.20-inch hyperbolic secondary located 24.5 inches from

the primary mirror, there is almost a 2:1 ratio in the amount of dis-
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tortion in the fringe pattems produced by tilting the primary mirror as
compared to tilting the secondary mirror. Hence, tilting the primary

in a given direction by a given amount produces a fringe pattern exact-

. ly like the pattern produced by tilting the secondary mirror in an anal-

ogous direction but by an amount almost twice that of the primary tilt.
(The exact factor is given by the distance of the primary mirror to the
focus divided by the distance of the secondary mirror to the focus,
~1.76.) This effect is shown in plate VIII.

Plate VIII: Prism 40 was used to demonstrate the fringe patterns pro-
duced when the primary mirror is tilted. The upper photograph shows
the fringe pattern when the primary mirror is tilted perpendicular
to the shear direction with the top part of the primary tilted a-
way from the secondary mirror. Even though the tilt angle is only
22 minutes of arc the pattern is analogous to that produced in

plate I when the secondary mirror is tilted between 36 and 45 minutes

W of arc. The middle row shows the effects on the fringes when the

primary mirror is tilted in a direction parallel to the shear, the

~~~~ left two interferograms correspond to the right edge of the pri-

mary tilted away from the secondary mirror and the right two inter-

ferograms correspond to a tilt towards the secondary mirror. These

s
|

interferograms may be compared to those in plate IV. The lower

row shows first, a tilt perpendicular to the shear when the top of
the primary is tilted towards the secondary mirror and secondly, an

arbitrary tilt of the primary mirror.

With these series of interferograms it now becomes possible to de-

cribe a method for collimating a Cassegrain telescope.
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D. Collimation Technique

For a Cassegrain telescope to be correctly aligned, the optical
axes of the primary and secondary mirrors must be coincident. WUhen
this condition is realized, a WSI interferogram obtained witﬁ an on-
axis image will show the optical quality of the mirrors. If the tele-
scope is misaligned, the fringe patterm can be made to resenble one pre-
sented in this catalog by proper orientation of the shear direction. The
technique of collimating a Cassegrain telescope using the WSI will be
described for each of the three possible cases of misalignment, assuming
that misalignment is due only to tilt and not lateral displacement of
the optical elements. The discussion will refer to the particular tele-

scope used 1n producing the aligrnment catalog.

Case I: Primary mirror aligned, secondary mirror misaligned.

If the primary mirror can be checked independently and the second-
ary mirror axis is to be brought into coincidence with the optical
axis of the primary mirror, the following procedure is used. The
WSI is mounted in the focal plane on the optical axis of the pri—
mary mirror (in most cases this will be at the geometrical center
of the primary mirror). A stai’ can be used as a light source and
the star’s ‘image should fall on the optical axis of the primary
mirror. This can be accamplished by centering the star's image in
an eyepiece reticle. The interference pattern should now be cbser~
ved and, by rotating the shearing prism about the optical axis of
the primary mirror, there will be four positions (corresponding to

four directions of shear) in which the observed fringe pattern will
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resemble those given in the appropriate plates in the catalog.
More specifically, if prism 40 is used, there will be two settings
of the prism separated by 180° in which the observed interfer-
ogfam will resemble one given in plate I of the catalog. At 90°
from these two settings there will be two additional prism orien-
tations which show interferograms similar to those given in plate
IV. When the above orientations of the prism have been determined,
the amount and direction of secondary mirror tilt can be deduced
by comparing the observed fringes with those given in the catalog.
The proper mirror adjustment should produce straight,‘ evenly spaced,
parallel fringes in all directions of shear (this of course depends

on the mirror optics), and collimation has been achieved.

Case II: Primary mirror misaligned, secondary mirror aligned. If
the alignment of the secondary mirror can be determined independent-
ly and the prinary mirror is to be tilted to bring its optical axis
into coincidence with the secondary mirror axis, then the following
procedure is used. The WSI is mounted in the focal plane on the
axis of the secondary mirror and the star's image is adjusted so as
to fall on this axis. By rotafing the shearing prism about the op-
tical axis of the secondary mirror, four directions of shear will
be found which produce interferograms similar to those given in the
catalog. When the four settings have been determined, the direction
of primary tilt can be deduced by interchanging the words “primary"
and "secondary" in the description of sign convention for the sense

of tilt given in section €, and the magnitude of tilt will be 1.76
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times the number listed under the interferogram which matches the
observed fringe pattern. The proper mirror adjustment will then

assure collimation.

Case TII: Primary mirror misaligned, secondary mirror misaligned.
Experience has showh that a distorted fringe pattem produced by
primary mirror misalignment can be returned to a pattern indicating
a spherical wave front by misaligning the secondary mirror to com-
pensate for the asymmetry in the wave front produced at the primary
mirror. Thus, acceptable interferograms can be produced when the
two mirror axes are not coincident, but merely in a compensated
configuration. In such a configuration of the optics, the secondary
mirror is laterally displaced from the axis of the primary mirror
and also tilted in such a manner as to produce a nearly spherical
wave front for some image point in the focal plane. (See figure 1.)
No attempt has been made to use the WSI to detect lateral displace-
ment of the optics in a multi-element system.

When collimating a telescope in which both primary and second-
ary mirrors are misaligned, some technigue must be used to bring
the mirrors into near alignment such as the eyeball method. An
image produced by a spherical wave front at the geometrical center
of the primary mirror can be achieved by adjusting the secondary
mirror until the fringe pattern is perfect in all directions of
shear. This technique will assure an excellent on-axis image but

deces not guarantee that the off-axis aberrations are as small as
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possible. In general, then, to insure a collimated system, both
the elements must be adjusted so that not only the on-axis image
is acceptable, but also the off-axis aberrations are minimized. It
~is highly desireable to have an independent method for assuring the
alignment of either the secondary or primary mirrors and then re-

sorting to techniques described in cases I or IT of this chapter.

E. Conclusions

The collimation technique described above has been tested on the
8-inch Cassegrain telescope in the oiotics laboratory at McCormick Obser-
vatory and is found to be very effective. Viewing the fringe pattern with
the unaided eye permits alignment between secondary and primary mirror
axes of better than 9 minutes of arc using prism 40, about 12 minutes of
arc using prism W and better than 4 minutes of arc with prism L. Thus,
the larger the magnitude of shear, the greater the sensitivity of the
method. Atmospheric seeing conditions will limit ‘the amount of shear
that can be used on any given night. To further reduce the limit for
collimation, an eyepiece reticle fnade up of evenly spacéd, parallel lines
could be used to view the fringe pattern. Then, subtle departures from
parallelism or even spacing in the fringe pattem could be detected. A
reticle with a cross hair was tried in the lsboratory and by carefully
aligning the cross hairs, the limit of collimation was reduced by a fac-
tor of 2 or more. Finally, the fringe patterm can be photographed and
an eniarged print can be measured to an accuracy of better than 30
seconds of arc in this particular telescopic system.

To extend this technique to other telescopes it is not necessary

to compile a new catalog, but rather only scale the amount of tilt to
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apply to the different system. The actual distance from secondary

mirror to focus and primary mirror to focus for each particular tele-

scope as well as the f/ratios of the system should be taken into

account when determining a factor to change the scale of mirror tilft.

This factor can be determined by experiment on any particular tele-
scope and the technique described above can then be applied. The

& question of lateral displacemeht of the mirrors in a telescopic sys-
tem has not been dealt with in this paper, but presents a problem for

future study.




~18-
THE KOSTERS PRISM

A. Introduction

The modified Kosters interfercmeter, which has been described by
Saunders (1957a, 1957b), can prove to be a useful tool in several areas
of astronomy. Saunders has suggested use of the Kosters interfercmeter
for testing the optical quality of large telescopes, measuring double
star separations and position angles and also for measuring stellar
diameters. The Kosters prism seemed to be the ideal solution for detect--
ing misal:ignment in telescope systems because of its unique properties,
so studies were undertaken at McCormick Observatory to verify this state-
ment, as well as to examine the possible use of the prism for stellar
diameter measurements. The results of these investigations are presented
in this paper.

The Kosters prism interferometer, as described by Saunders, is
small, lightweight and quite rigid. When mounted in the eyepiece holder
of an astronomical telescope which is directed towards a star, the Kosters
prism folds one-half of the converging wave front over onto the other half,
provided that the beam dividing plane is adjusted to bisect the optics. A
set of interference fringes is produced and, if the star is not resolved,
the shape of fringes will be characteristic of the telescope optics. If
there is asymmetry in the wave front, the ffinges will be distorted.
Thus, since a misaligned telescope produces a non-symmetrical wave front,
and since the Kosters prism is extremely sensitive to non-symmetrical

wave form, the prism should provide an ideal test for decollimation.
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B. Equipment

A Kosters prism was obtained by McCormick Observatory and used
in the optics laboratory to test for decollimation effects in optical
systems. Originally, the 8-inch Cassegrain telescope was to be used
in the manner described for producing the WSI alignment catalog. How-
ever, it was not. possible to obtain a small enough point source or to
remove one sufficiently far away in the limited space of the optics
laboratory, so that the interference fringes would fill the image field
of the 8-inch optics. To obtain a satisfactory set of interference
fringes, 1t was necessary to go to smaller apertures and three different
lenses were used throughout the laboratory work. | A simple plano-convex
lens of 50mm diameter, an aerostigmat £/5, 305rmn focal length lens and
a 3-inch astronomical refracting telescope were used in tests for de-
collimation effects and stellar diameter determinations.

The optical arrangement shown in figure 2 was used "f\“or the testing.
The light source was a special thin filament lamp which simulated a point

I

Figure 2 Arrangement of the optical components for laboratory
tests using the Kosters prism.
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source in one-dimension. The distance from the light source to the lens

was about 17 feet for the decollimation tests. The objective lens and

Kosters pi"ism were mounted on an optical bench which provided the nece-

ssary degrees of freedom for proper adjustment of the optics.

C. Test for Misaligrment

Since the 8-inch Cassegrain telescope could not be used with the
laboratory light source, some way of simulating misalignment in an opti~
cal system had to be found. As was pointed ocut in the section on colli-
mation of telescopes with a WSI, a misaligned telescope produces a wave
front similar to the comatic wave front for an off-axis image produced
in an aligned system. It was decided, then, to record the fringe pattern
produced by various lenses using off-axis images. Although it 1s not
possible to form a misalignment catalog in this marmer, the behavior of
the fringe pattem could be noted and the feasibility of using the Kosters
prism for collimation work could be ascertained. The fringe patterns re-
sulting from off-axis images in the sbove mentioned lenses have inherent
in them the effects of coma and astigmatism.

While preparing to photograph interferograms produced by off-axis
images, an important characteristic of the Kosters prism was noticed.

When the light source, lens and prism were properly aligned, the inter-

‘ferograms labeled 0 in plate IX were observed. If the light source was

moved a very small angular amount perpendicular to the dividing plane
of the prism, the fringes rotated. Moving the light source through an

angle of <30 seconds of arc measured from the lens, to the right of its
aligned position caused the fringes to rotate as shown in the first
interferogram in the top row for each lens in plate IX. Moving the
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light source through 9 seconds of arc and then 40 seconds of arc to the
left of the aligned position produced the last wo interferograms in the
upper rows for each lens in plate IX. This point is mentioned because
it forms the basis for using the Kosters prism for stellar diameter

measurements, which will be discussed later. Also, when using the

Kosters prism on a telescope with a star as the light source, the atmos-
pheric turbidity causes the stars image to dance about, hence the fringe
pattern is constantly swinging from side to side, although the fringes
are tied down at the dividing plane. The motion of the fringe pattern
is a good test of seeing conditions.

To obtain photographs of interferograms for off-axis images, the
light source, lens and prism were aligned so the fringe patterns label-
ed 0 in plate IX were obtained. Now, the lens was rotated through a
given angle and the prism was adjusted to bring the fringe pattern into
view. To produce the first interferogram in the second row for each lens
in plate IX, the lens was rotated by the angular amount shown under the
interferogram about an axis perpendicular to the plane of figure 2 and

‘7 passing through the center of the lens. Thus, the image of the light -
source was off-axis in a direction perpendicular to the dividing plane

| of the prism. The distortion of the fringe pattern is immediately cbvious
and could be detected when the lens was rotated through a much smaller
angle than that used to photograph the pattern. Rotating the lens sabout

the same axis but in the opposite direction, produced the second inter-

ferogram in the lower row for each lens in plate IX.

The first two interferograms of the lower row for each lens in




~20~
plate IX are similar to the interferograms that would be produced if a
Cassegrain telescope were misaligned such that either the secondary or
primary mirror was tilted in a direction perpendicular to the dividing
plane of the prism. The last two interferograms in the same rows as
above, are similar to the interferograms which would be produced by a
misaligned Cassegrain telescope in which the primary or secondary
mirror was tilted in a direction parallel to the dividing plane. These
last two interferograms were produced by rotating the lens about the
axis shown passing through the lens in figure 2, first in one direction
and then in the opposite direction by an amount given under each inter-
ferogram. The experiment proved conclusively that the Kosters prism can
be used effectively to detect non-symmetries in a converging wave front.
The Kosters prism seemed more sensitive to these asymmetries than
the shearing prism and with the use of a very small point source the
Kosters prism could be used for alignment of telescopes in a laboratory.
To use the Kosters prism on a telescope with a star as the light source
was the next step. The prism was mounted at the eyepiece of the MeCor~
mick 26-inch refractor. Even though the seeing was good, the fringes
waved around and it was not possible to photograph the interference pat—
tern. The fringes could be seen quite easily but because of their motion
it would have been difficult to recognize the various patterns which re-
veal misalignment. It was concluded, therefore, that in the absence of
atmospheric turbulence, such as in a laboratory or above the earth's
atmosphere, the Kosters prism could be used successfully to detect

misalignment, but due to the motions of the fringe pattern when viewing
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a light source through the atmosphere, it would be very difficult to
recognize a fringe pattern well enough to make the necessary corrections

for collimating a telescope.

D. The Kosters Prism as a Stellar Interferometer

Measurements of the angulari diameters of stars has always been a
fundamental problem in astroﬁomy}. Michelson and Pease tried with some
success to measure stellar diameters with an optical interfercmeter.
Several problems beset their work, including the adverse effects of
seeing on the fringe viSibility. {The Kosters prism provides a method

of measuring stellar diameters by optical interfercmetry which is not

affected by seeing conditions to the extent of the Michelson technique.
When the Kosters prism is mounted at the focus of an astronomical‘

telescope and a point source is located on the extension of the dividing
plane of the prism, a set of interference fringes is seen, such as shown
in the interferogram labeled 0 for the aerostigmat in plate IX. If
another point source were located to the right of the dividing plane, such
as would be the case for a double star properly oriented, another set of
interference fringes would be produced, similar to the interferogram la-

beled ~15" for the aerostigmat in plate IX. Now, the two sets of fringes

would be superimposed and would interfere with each other, alternately
re-enforcing and destroying the contrast between dark and light fringes.

As a result, a series of dark and bright bands (nulls) will appear a-

cross the interferogram parallel to the dividing plane. The separation

between adjacent dark or bright bands is inversely proportional to the

separation of the point sources. This relationship is expressed as
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follows

a" = -ﬂ-g-x 206265"

where d is the angular separation between the point sources

. A is the wavelength being used

S is the distance from the dividing plane to the first fadeout.
Consider an extended source. It can be treated as if it were made
up of many individual polint sources at different distances from the

extended dividing plane of the Kosters prism. Each of these individual

point sources produces its own set of interference fringes which in

g turn are all superimposed to form the observed pattem. The result is

a set of fringes which loses contrast as the distance from the dividing
plane increases. The distance from the dividing plane to the place where
the fringe contrast has disappeared is inversely proportional to the angu-

lar diameter of the extended source. In practice, the fringe contrast

as a function of distance from: the dividing plane could be measured
- electronically and a visibility curve for the extended source could be
produced. The limiting angular diameter which can be measured with a

| telescope with aperture A is given by

. a" = 2% X 206265"

The above theory was tested in practice by using a 3-inch astro-

nomical telescope of focal length 37.5 inches and a small thin filament
source a large distance away. The upper row of interferograms in plate

X was photographed as follows. The center fringe pattern was produced
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when the source, lens and prism were as nearly aligned as possible. The
left and right interferograms were obtained by shifting the dividing plane
of the prism a very small amount to the left and the right. This has the
same effect as moving the source off the dividing plane, thus causing the
fringes to rotate. As can be seen in the photographs, the fringe visi-
bility as a function of the distance from the dividing plane does not
change even when the fringes are rotated. Thus, when using this inter-
fercmeter to measure a star;s diaméter, the atmospheric seeing will cause
the fringes to rotate, or wave from side to side, but the visibility or
contrast in the pattern will not be affected. Rows two and three of
plate X were photographed in the same manmer as row oﬁe but the source
was adjusted only slightly to present a more extended area perpendicular
to the dividing plane. As the angular size of the source increased, the

distance from the dividing plane to the fringe fade out decreased.

E. Conclusions

The possibility of using the Kosters prism as a stellar interfero-
meter was explored. The results are very encouraging. Part of one night
was spent on the MeCormick 26-inch refractor with the Kosters prism. The
fringes produced by a single star were observed and gobd contrast was seen
across the entire fringe pattern. DMore work involving the Kosters pfism
is anticipated. The measurement of double star separations and the dia-
meters of the satellites of Jupiter could be measured using the McCormick
telescope. Some shop work on an eyepiece mounting which permits the
Kosters prism to be oriented correctly in the telescope needs to be

canpleted. This work could demonstrate the feasibility of using the
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Kosters prism as a means for determining the angular diameter of stars.
The Xosters prism has shown to be extremely sensitive to asymmetries
in a converging wave front and ideally suited for collimating telescopes
where there is no atmospheric turbidity. The WSI, however, is better
suited for collimation work through the earth's atmosphere because it is

not as sensitive to seeing conditions as is the Kosters prism.
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